Lipopolysaccharides (LPSs) were isolated from Bacteroides gingivalis and Escherichia coli by the phenolwater and butanol-water procedures. The phenol-water-extracted LPS from B. gingivalis 381 was composed of 46% carbohydrate, 23% hexosamine, 18% fatty acid, and 5% protein. The major component sugars of this preparation were glucose, glucosamine, rhamnose, galactose, galactosamine, and mannose, and their molecular ratio was 1:0.9:0.7:0.6:0.6:0.4, respectively. Neither heptose nor 2-keto-3-deoxyoctonate was detected. the butanol-water-extracted LPS from this strain was composed of 76% glucose, 7% fatty acid, and 13% protein, and it was associated with a number of polypeptides (13 to 56 kilodaltons). The main fatty acid of both LPS preparations was palmitic acid. It was found that biological activities of LPS from B. gingivalis were comparable to those of LPS from E. coli in terms of activation of the clotting enzyme of Limulus amebocyte lysate, mitogenicity, polyclonal B cell activation, and stimulation of interleukin 1 production in BALB/c mice. Furthermore, LPS-nonresponsive C3H/HeJ spleen cells were found to yield good mitogenic responses to both phenol-water-extracted LPS and butanol-water-extracted LPS from B. gingivalis or butanol-water-extracted LPS from E. coli. On the other hand, spleen cells from LPS-responsive C3H/HeN mice responded well to all these LPS preparations.
Lipopolysaccharide (LPS), localized in the cell wall of gram-negative bacteria, is known to have a broad spectrum of biochemical and immunochemical activities (12, 23) . The LPS molecule from bacteria of the family Enterobacteriaceae consists of a polysaccharide region covalently bound to a lipid region, termed lipid A (5) . The lipid A contains a central backbone of the phosphorylated (1-6) linked glucosamine disaccharide. The polysaccharide region can be divided into a side chain (O antigen) and a core region. The core polysaccharide of most LPS preparations consists of glucose, galactose, 2-acetamido-2-deoxyglucose, and heptose, which are linked to 2-keto-3-deoxyoctonate (KDO) of lipid A (5) .
It has been reported that the composition of LPS from Bacteroides species is unique; it lacks KDO, heptose, and 3-hydroxy myristic acid, which are unique to enterobacterial LPS, and its biological potency is considerably lower than that of enterobacterial LPS (15, 18, 24) . Recently, Joiner et al. (13) reported that LPS from Bacteroides fiagilis is a potent mitogen for spleen cells from both LPS responder (C57B/1OScN) and nonresponder (C57BL/1OScCR and C3H/HeJ) mice. On the contrary, Wannemuehler et al. (34) have shown that LPS from B. fragilis induces mitogenic responses in spleen cells from LPS responder (C3H/HeN) but not LPS nonresponder (C3H/HeJ) mice.
In this study we isolated LPS from Bacteroides gingihalis, one of the major pathogenic bacteria of periodontal diseases (7, 8, 29, 30) , by the phenol-water (35) and butanol-water (22) precipitate were reextracted twice with 120 ml of 0.85% NaCI. The combined extracts of the aqueous phase were dialyzed against distilled water and lyophilized. This was termed crude butanol-water-extracted LPS (BW-LPS).
Purification of LPS. Crude LPS (1 g) was suspended in 100 ml of pyrogen-free water and centrifuged at 100,000 x g for 3 h. The pellet was suspended in 20 ml of 10 mM Tris buffer (pH 7.4) containing 0.1 mM ZnC12 and 400 p.g of nuclease P1 from Penicillium citrinum (Yamasa Shoyu Co., Ltd., Choshi, Japan). The reaction mixture was incubated in 37°C for 16 h and then dialyzed extensively against distilled water. The dialyzed solution was centrifuged. The pellet was washed with pyrogen-free water by centrifugation and lyophilized.
Enzyme treatment of LPS. PW-LPS from B. gingivalis (1 mg/ml) was treated with equal amounts of trypsin (Boehringer Mannheim GmbH, Mannheim, Federal Republic of Germany) or pronase E (Kaken Kagaku Ltd., Tokyo, Japan) for 18 h at 37°C at their optimal pHs. The enzyme activity was terminated by heating the reaction mixture at 100°C for 5 min, followed by dialysis against distilled water, and then lyophilized. The lyophilized LPS was used for the mitogen assay (see below).
Chemical analyses. Hexose, deoxyhexose, hexosamine, protein, and phosphorus were quantitated as previously described (26) . Heptose, KDO, and fatty acid esters were quantitated by the colorimetric methods of Wright and Rebers (36), Karkhanis et al. (14) , and Itaya and Ui (9), respectively.
For sugar and fatty acid analyses, LPS (2 mg) was hydrolyzed for 6 h at 100°C in 2 ml of 2 N HCI. The hydrolysate was suspended in 10 ml of a solvent consisting of chloroform, methanol, and water (4:10:5[vol/vol]). The mixture was filtered through a filter paper to remove coarse debris. After chloroform (10 ml) and water (10 ml) were added to the filtrate, the mixture was centrifuged at 5,000 x g for 20 min. Each of the aqueous and chloroform phases was dried by evaporation and used for the sugar and fatty acid analyses.
Neutral and amino sugars were identified as trimethylsilyl derivatives (26) and alditol acetate derivatives (25, 27) . The trimethylsilyl derivatives were analyzed by a gas-liquid chromatograph (Shimadzu Works, Ltd., Kyoto, Japan) fitted with a glass column (3 mm by 2.6 m) of 10% silicone GE SE-30 on Chromosorb W (60 to 80 mesh; Wako Pure Chemical Industries, Ltd., Osaka, Japan). On the other hand, the alditol acetate derivatives were chromatographed on 3% ECNSS-M on Gas-Chrom Q (100 to 200 mesh; Wako) in a glass column (3 mm by 2.1 m).
Fatty acids were identified as their methyl esters (4). The dried chloroform phase was treated with 4 ml of 5% HCI in methanol at 105°C for 3 h in sealed tubes and dried under a stream of N2 gas. After the addition of 2% potassium bicarbonate solution, the esters were extracted into hexane and quantitated in a gas chromatograph, fitted with glass columns ( Immune responses in mice. In vitro polyclonal responses to LPS of murine spleen cells and adjuvant activities of LPS were examined as follows. Spleen cells from BALB/c mice were suspended in RPMI 1640 medium supplemented with penicillin (100 U/ml), streptomycin (100 [Lg/ml), 2-mercaptoethanol (0.05 mM), and 20% fetal calf serum (FCS; Armour Pharmaceutical Co., Kankakee, Ill.). Cells (5 x 106) were precultured for 0 to 24 h in a 24-well microculture plate in a total volume of 0.6 ml of the medium with or without sheep erythrocytes (SRBC; 2 x 106), and then LPS preparations (10 pg each) were added. After incubation for 4 days at 37°C
in an atmosphere of 5% CO2 in air, nonadherent cells were removed from each culture well, washed once with incomplete minimal essential medium (GIBCO), and resuspended to a defined volume with minimal essential medium for the plaque-forming cell (PFC) assay.
For estimation of in vivo polyclonal responses to LPS, BALB/c mice were injected intravenously with LPS (100 p.g). After 4 days, the spleen of the mice was removed. c Calculated by assuming that the response adjustment factor of unknown sugars was the same as that of glucose with gas-liquid chromatography.
Spleen cells were washed and resuspended in minimal essential medium for PFC assay.
PFC assay. Nonadherent cells remnoved from in vitro cultures or spleen cells from immunized mice were assayed in triplicate for direct anti-SRBC PFC responses with the hemolytic plaque technique of Cunningham and Szenberg (1).
Induction of IL-1 secretion. Induction of interleukin 1 (IL-1) secretion was done as follows. Macrophages of BALB/c mice were induced by intraperitoneal injection of 1.5 ml of thiogylcolate medium (Difco Laboratories, Detroit, Mich.). Three days later, peritoneal exudate cells were collected by peritoneal lavage with 5 ml of Hanks balanced salt solution (GIBCO) containing 1% FCS, washed, and resuspended in RPMI 1640 medium supplemented with penicillin (100 U/ml), streptomycin (100 p.g/ml), 25 mM (33) . In brief, thymocytes from BALB/c mice were suspended to a density of 7 x 106 cells per ml in RPMI 1640 medium containing antibiotics and HEPES. The cell suspension (0.1 ml) was seeded into a 96-well microculture plate, and an equal volume of serial dilutions of macrophage culture supernatants was added. Cultivation was carried out with or without the addition of a submitogenic concentration of ConA (1 ,ug/ml) and incubated in an atmosphere of 5% CO2 in air for 48 h. They were pulsed for the final 6 h with 0. 25 Table 1) . No heptose, KDO, ribose, or deoxyribose was detected. The molar ratio of glucose, glucosamine, rhamnose, galactose, galactosamine, and mannose was 1.0:0.9:0.7:0.6:0.6:0.4. respectively. On the other hand, BW-LPS from this strain was composed of 76.1% glucose, 6.8% fatty acid, and 12.8% protein. Amino sugar and phosphorus contents of the BW-LPS were lower than those of the PW-LPS. The major fatty acids of LPS from B. gingivalis were C16:0 (palmitic), C18:0 (stearic), and C17:iso (Table 2) . The amino acid composition of LPS preparations is shown in Table 3 . The major amino substance of PW-LPS from B. gingivalis was ethanolamine, whereas in BW-LPS from this strain, aspartic acid, threonine, serine, glutamic acid, glycine, alanine, and leucine were predominat. (P-hydroxy myristic) and C16:0 (palmitic) acids ( Table 2 ). The amino acid composition of E. coli LPS differed from that of B. gingivalis LPS ( Table 3 ). The ethanolamine content of PW-LPS from E. coli was considerably lower than that of B. gingivalis PW-LPS.
SDS-polyacrylamide gel electrophoresis. Coomassie blue staining of SDS-polyacrylamide slab gels (Fig. 1 ) revealed many protein bands in BW-LPSs from B. gingivalis and E. coli but no detectable bands in PW-LPSs from both species. Proteins in BW-LPS from E. coli appeared as a major peptide band at 13 kilodaltons with minor peptides of 37, 28, 14, and 12 kilodaltons (Fig. 1, lane 3) . On the other hand, BW-LPS from B. gingiivalis associated with major polypeptides of 56, 44, 30, 28, 19, and 13 kilodaltons (Fig. 1, lane 5) .
Activation of clotting enzyme in Limulus amebocyte lysate by LPS. Limulus amebocyte lysate clotting activity of LPS preparations was measured by using a colorimetric endotoxin determination reagent. PW-LPS preparations from E. coli 0127:B8 and B. gingivalis strongly activated the clotting enzyme (Table 4) . However, both LPS preparations from E. coli K235 had a little weaker activity in comparison with these PW-LPS preparations. BW-LPS from B. gingivalis did not significantly activate the enzyme at the concentration employed.
Mitogenic activity of LPS. The mitogenic activities of LPS preparations from B. gingivalis and E. coli were determined in spleen cells of BALB/c, BALB/c (nu/nu), C3H/HeN, and C3H/HeJ mice and thymocytes of BALB/c mice.
All LPS preparations examined were found to be strongly mitogenic for BALB/c, BALB/c (nu/nu), and C3H/HeN murine spleen cells at concentrations between 5 and 50 jig/ml (Fig. 2 through 5) , whereas no LPS preparations were mitogenic for thymocytes of BALB/c mice (Fig. 2) (Fig. 4 and 5) . On the other hand, all LPS preparations from B. gingivalis, whatever methods for their extraction, induced significant mitogenic responses in C3H/HeJ spleen cells when 7 x 105 cells per well were employed (Fig. 4) . Even at lower cell densities, PW-LPS from B. gingivalis induced good mitogenic responses in C3H/HeJ spleen cells, although these responses were a little lower than those in C3H/HeN cell cultures (Fig. 5) .
Contamination of mitogenically active proteins in PW-LPS from B. gingivalis could be attributed to the mitogenicity for C3H/HeJ spleen cells. Therefore, the effects of trypsin and pronase E on PW-LPS from B. gingivalis were examined. The mitogenicity of the PW-LPS, as measured in C3H/HeJ spleen cells, was considerably resistant to the proteolytic effects of these enzymes (Fig. 6) . These results indicate that the mitogenicity of PW-LPS from B. gingivalis for C3H/HeJ lymphocytes is not attributable to contamination of such proteins.
The effects of polymyxin B on mitogenic responses of C3H/HeN and C3H/HeJ spleen cells were examined. Addition of polymyxin B to cultures significantly inhibited the mitogenicity of PW-LPS from E. coli for C3H/HeN spleen cells, but had virtually no effect on PW-LPS from B. gingi'alis and ConA (Fig. 7A) . All of these mitogens were scarcely affected by the addition of polymyxin B to C3H/HeJ spleen cell cultures (Fig. 7B) .
In vitro and in vivo immune response to SRBC. The effects of LPS on the in vitro immune response of BALB/c mouse spleen cells to SRBC were studied by the hemolytic plaque assay. All LPS preparations induced in vitro direct (immunoglobulin M) PFC responses to SRBC ( Table 5 ), indicating that they are polyclonal B cell activators. The numbers of PFCs induced by PW-LPSs from both species were significantly higher than those induced by BW-LPS preparations. For determining the optimal condition for adjuvant assay, BALB/c spleen cells (2 x 106 cells per well) and BW-LPS (10 p.g) from B. gingivalis were added. The peak of the response specific for SRBC was obtained at 6 h of the preculture time with SRBC (Fig. 8) . Therefore, the spleen cells were cultured with SRBC and 6 h later with LPS preparations for determining adjuvant activity. As shown in Table 5 , PW-LPS and BW-LPS from B. gingivalis and PW-LPS from E. coli strongly enhanced responses to SRBC. PW-LPS and BW-LPS from B. gingivalis are much higher in activity than those from E. coli. The adjuvant effect of BW-LPS from E. coli was weak. " Colorimetric endotoxin determination reagent (0.1 ml) and 0.1 ml of LPS preparation (0.1 ng/ml) were incubated for 30 min at 37°C. After the reaction was terminated by adding 1 ml of 0.6 N acetic acid, the A40, was measured. BALB/c mice were injected intravenously with LPS (100 ,ug), and 4 days later, at the peak response, the number of PFCs to SRBC was assayed by using the spleen of each mouse. All LPS preparations caused a significant increase in the number of PFCs to SRBC (data not shown).
Induction of IL-1 secretion by LPS. IL-1 activity was assessed by measuring the incorporation of [3H]TdR by cultured murine thymocytes. PW-LPSs from B. gingivalis and E. coli induced mouse peritoneal cells to produce IL-1 activity. The macrophage culture supernatants were mitogenic and enhanced the stimulation of BALB/c mouse thymocytes in the presence of a submitogenic concentration of ConA (1 pug/ml) ( Fig. 9 and Table 6 ). This enhancement was not due to the combined action of ConA and PW-LPS added to the peritoneal cells-that is, PW-LPSs at 0.5 to 50 ,I.g/ml were not mitogenic for thymocytes in the presence of ConA per ml (Table 7 ). In addition, no IL-1 production was observed when BW-LPSs from B. gingivalis and E. coli were used at 10 and 100 ,uglml.
DISCUSSION
Many investigators have used C3H/HeJ mice as an experimental model for analyses of LPS responses (20) . This mouse strain is markedly resistant to lethal effects of LPS (31) . It has been considered that this unresponsiveness of C3H/HeJ mice to LPS results from a generalized inability of C3H/HeJ lymphoid cells (e.g., B lymphocytes and macrophages) and nonlymphoid cells (e.g., embryonic fibroblasts) to respond to LPS (20 (20) . In this study, we showed that BW-LPSs from E. coli and B. gingivalis, which associated with a number of polypeptides, were mitogenic for C3H/HeJ mouse spleen cells ( Fig. 1 and 4) , whereas reference PW-LPS from E. coli was not mitogenic for the spleen cells, as was reported by others (20, 21) . Of interest was that protein-free PW-LPS from B. gingivalis was also mitogenic for C3H/HeJ spleen cells (Fig. 1, 4, and 5) . However, the presence of trace amounts of mitogenically active protein in the PW-LPS cannot be excluded. Therefore, we treated the PW-LPS exhaustively with trypsin and pronase. However, the mitogenicity of the PW-LPS was not diminished by the treatment with these proteolytic enzymes (Fig. 6) .
Recently, Joiner et al. (13) reported that PW-LPS from B. fragilis also was a potent mitogen for spleen cells from both LPS responder (C57BL/1OScN) and nonresponder (C57BL/1OScCR and C3H/HeJ) mice. More (Fig. 5) . Moreover, polymyxin B, known to inhibit the mitogenicity of lipid A from E. coli (11), had virtually no effect on the mitogenicity of PW-LPS from B. gingivalis for C3H/HeN spleen cells (Fig. 7) . In addition, we were unable to demonstrate KDO and heptose, major components of lipid A in E. coli LPS, and no lipid A from B. gingivalis PW-LPS with mild acid treatment was obtained (unpublished data). These results indicate that PW-LPS from B. gingivalis may contain a mitogenically active substance different from lipid A of the LPS of members of the Enterobacteriaceae.
Both LPS preparations from B. gingivalis were found to be mitogenic for BALB/c and BALB/c (nulnu) spleen cells but not for BALB/c thymocytes ( Fig. 2 and 3) . These results indicate that LPS from B. gingivalis is a B cell mitogen. In addition, these LPS preparations induced in vitro and in vivo direct PFC responses to SRBC (Table 5 ). It has been reported that established lesions of chronic inflammatory periodontal disease in humans are primarily infiltrated with B cell lesions (17, 28) . Therefore, polyclonal activation of B cells induced by B. gingivalis LPS may participate in the development of periodontal disease.
The chemical compositions of LPS preparations from B. gingivalis 381 differed considerably with different extraction methods. The main sugars of PW-LPS from this strain were glucosamine, glucose, rhamnose, galactose, galactosamine, and mannose. It should be noted again that this LPS lacked heptose and KDO (Table 1) . These findings are consistent with those reported by Mansheim et al. (18) and Nair et al. (24) . On the other hand, the most prominent sugar of BW-LPS from B. gingivalis 381 was glucose, and trace amounts of rhamnose, glucosamine, and two unknown sugars were present (Table 1 ). This type of sugar composition is similar to that of LPS obtained by the phenol-water procedure from Bacteroides oralis (2). Mansheim et al. (18) reported that LPS from B. gingivalis (B. asaccharolyticus) contains no detectable ,3-hydroxy fatty acids. In contrast, Nair et al. (24) have found an abundance of hydroxy fatty acids. We could not detect hydroxy fatty acids in our LPS preparations ( Table 2 ). The cause of this discrepancy is unknown, but it may be ascribed in part to differences in the extraction method and the gas-liquid chromatographic procedures for fatty acid analyses. However, the main fatty acid of LPS from B. gingivalis reported by both investigators was palmitic acid, which was in agreement with our findings (Table 2) . eration, activation of B cells, stimulation of proteinase and prostaglandin production by connective tissue, and stimulation of bone resorption (3, 6) . It was found in this study that PW-LPS from B. gingivalis stimulated IL-1 production by macrophages to activate BALB/c thymocytes ( Fig. 9 and Table 6 ). These findings suggest that otle of mediators of alveolar bone loss in human periodontitis could be IL-1 stimulated by B. gingivalis LPS. LPS from B. gingivalis has been reported to display significantly less biological potency than that from Salmonella species and E. coli in terms of Limrlulis lysate gelation, chicken embryo lethality, dermal Shwartzman reaction and pyrogenicity in rabbits, and mitogenicity for mouse spleen cells (18, 24) . In the present study, we isolated LPSs from B. gingivalis and E. coli under the same conditions and compared their biological properties with each other. It was revealed that biological activities of LPS from B. gingivalis were comparable to those of E. coli LPS in terms of activation of clotting enzymes of Limulus amebocyte lysate, mitogenicity, polyclonal B cell activation, adjuvanticity, and stimulation of IL-1 production. In particular, LPS from B. gingivalis was much higher in adjuvant activity than LPS from E. coli (Table 5 ).
In conclusion, it is apparent now that LPS preparations obtained with different extraction methods from B. gingivalis, a suspected periodontopathic bacterium, possess marked immunobiological potencies on lymphocytes and macrophages.
